Woven screens
Introduction
Copper considers an important element necessary for humans and other living organisms, which included numerous enzymes and proteins. Copper is used in the manufacturing of electrical wiring, fittings, valves, pipes, cooking utensils, coins, and building materials. On other hand copper compounds are utilized in insecticides, algaecides, fungicides, wood preservatives, azo dye synthesis, electroplating industry, engraving, lithography, pyrotechnics, and petroleum refining plants. However, copper is recognized as one of heavy metals that generates serious environmental hazards, wastewaters from metal finishing, weaving, and electronics industries may contain copper with concentration up to 500 mg/l. Based on the worldwide environmental regulations, this level of concentration is higher than the permitted level and treatment of these wastewaters must be achieved before being discharged into the environment [1] . The allowable limit of copper in sources of drinking water like rivers is in the range of 1.5 to 2 mg/L based on the European Union restrictions, so it is preferred to discharge the effluents within this limit [2] . Removal of copper from waste streams has been achieved by several methods comprising adsorption, chemical precipitation, ion-exchange, biosorption, electrodialysis, reverse osmosis, membrane separation based on ionexchange, and electrochemical deposition [3] . Some of these methods are verified to be efficient in copper removal, however they have no ability to recover the valuable heavy metals that can the again. For example, a large amount of precipitated sludge is generated in the chemical precipitation technique which needs further treatment. Ion exchange and reverse osmosis techniques have limited applications because of the requirements of high material and operational costs. Electrochemical approach as a dramatic alternative to the well-known techniques offers electrochemical reactors that used electrochemical reduction reactions as a principal approach for removal of heavy metals ions from wastewater, where these metals are electrodeposited at the electrode surface as solid metallic deposits when the effluents flow through the electrochemical reactor hence the possibility of reusing them from the main process. Herein, adding chemicals is not required leading to facilitate of water reuse [4] [5] [6] . The electrochemical method is considered as a clean, environmentally engaging technology since the major reaction reagent is the electron. Economically, electrochemical method is valuable due to the lower energy consumption in comparing with the well-known techniques [5] . Besides, applying the automatization in controlling current during the electrodeposition process results in lowering the workload requirements [7] . Removal of copper from solutions have been attempted by several researchers using various cell designs including parallel plate electrochemical reactors [8] [9] [10] , and packed bed electrochemical reactors [11] [12] [13] [14] [15] [16] [17] where some degrees of achievements and improvements have been achieved. In these works, two-dimensional electrode cells were found to be suffered extreme performance constraint, which was observed clearly as concentration limits of the effluents be stiffer. Porous, packed bed electrodes offer higher specific surface area which permits achieving higher removal rates of metal ion even at more dilute effluents [18] . To ensure efficient applying of the electrochemical method for diluted effluent treatment, the electrochemical reactors should have as possible as the higher value of the product of mass-transfer coefficient and specific surface area of the cathode which in turn improve the space time yield of the reactor. This aim can be accomplished by using packed bed rotating cylinder electrodes which have been recognized as an efficient type of electrochemical reactor that used for heavy metals removal [19] . This kind of electrochemical reactor has features not engaged by other reactors, for instance, the possibility of operating at continuous mode and a simple operable compact design [20, 19] . It can be run at concentration limit from 1 ppm to 1000 ppm, where the higher value resembles the concentration of most heavy metals in different industrial effluents while lower value matches the legislation constraints [21] . Heavy metals removal was carried out formerly by using rotating cylinder electrodes with a packed bed in the form of woven wire meshes and reticulated vitreous carbon (RVC) [22, 13, 23] . Previous studies showed that the packed bed rotating cylinder electrode of woven wire meshes when compared with the other types of packed bed rotating cylinder electrodes, has a value of mass transport coefficient greater approximately by three times than those observed in smooth rotating electrode as a result of higher turbulencepromoting action of the meshes [24] , however, the electrode thickness should be kept small for assuring the whole bed to be work under limiting current conditions [25] . Tubular packed bed of woven screens cylinder electrode is one of packed bed rotating cylinder electrodes that not be used before as a packed bed rotating cylinder electrode for heavy metals removal [26] . In this configuration, the cathode was constructed from a number of coaxial closely packed layers of vertical screen cylinders. This type of rotating cylinder electrode has high turbulence-promoting action due to its high surface area per unit volume. Abdel-Aziz [26] studied the mass transfer in this type and found that this type has a value of volumetric mass transfer coefficient greater than that obtained at smooth rotating cylinder. Therefore, the major purpose of the present research is to examine the performance of a modified design of this type of rotating cylinder electrode for copper removal. The modified tubular packed bed rotating electrode is composed of a stainless steel perforated hollow cylinder which used as a current feeder where continuous layers of stainless steel screens are winded around it and bounded by two sleeves. This new configuration help in using high rotation speed hence higher turbulence action can be achieved.
Besides, this configuration could be easily scaled-up to the industrial scale. The stated novelty of the present work is based on the using of tubular packed bed woven screen rotating cylinder electrode as a packed bed rotating electrode for copper removal. In previous studies, the removal of heavy metals by electrochemical deposition method was studied utilizing a well-known one-factor-at-a-time method (OFAT). This method changes only one variable at a time whereas keeping others fixed. However, the interactions of the variables couldn't be specified from OFAT runs. The designed experiment method is a more effective method than OFAT method for evaluating the effect of two or more variables on the response of the process under study as well as their interactions. Lower resources (experiments, time, and materials) are needed by adopting the designed experiment technique to get the desired information. Besides, the evaluation of the effects of each variable is more accurate by adopting the designed experiment technique [27] . Response surface methodology (RSM) is a vital subject in the statistical design of experiments. It was used efficiently in different processes for wastewater treatment such as adsorption [28] , disinfection of chlorine [29] , electrocoagulation [30] , Fenton-related process [31] , electrochemical oxidation [32] , and heavy metals removal [22] . Response surface methodology used a group of statistical and mathematical techniques for modeling and analyzing many problems in which various variables affected the response of the process. The object of RSM is to assessment the relative effect of various affecting variables and finally obtaining the optimum conditions by upgrading this response [33] . Hence, the second aim of this research is to optimize the variables of copper removal process like initial metal concentration, current, and rotation speed for improving copper removal efficiency from simulated wastewater using a tubular packed bed woven screens electrode. As a method of optimization, Box-Behnken design (BBD) of the response surface methodology was applied in this study. We believe that this is the first work that uses an optimization approach by BBD for electrochemical removal of copper utilizing a tubular packed bed woven screens electrode where no previous works have been reported in this field.
Experimental work

Materials and system
The electrolysis runs were performed in a 0. 5 L Perspex electrolytic cell. The cathode (working electrode) was a rotating tubular packed bed electrode composed of 316 stainless steel woven screens wrapped around stainless hollow cylinder acting as a current feeder. The hollow cylinder current feeder was opened at the bottom and closed at the upper. It is perforated with a total of (15) holes with a diameter (6mm) distributed uniformly on the lateral surface of the cylinder. The cathode feeder has an outer diameter (35 mm), inner diameter (28mm) with total length (60 mm). The lower part of this feeder is jointed with a Teflon sleeve has diameter (50mm) and height (12 mm), while the upper part is jointed with a Teflon sleeve has diameter (50mm) and height (17 mm) in order to fix the wrapped woven screens sheets on the current feeder. The cathode current feeder was attached to the shaft of variable speed motor via a stainless steel rod (7 mm diameter and 100 mm length) fixed on the cathode feeder. The cathode has an apparent surface area of (117.81 cm 2 ) (50 mm diameter and 60 mm long). Outer graphite cylinder having dimensions (90 mm inside diameter, 5 mm thickness, and 90 mm long) and central graphite rod having dimensions (60 mm length and 20 mm diameter) were used as anode (counter electrode). For ensuring a uniform primary current distribution, the three electrodes (cathode, outer anode, and inside anode) were concentric in the cell body. Figure 1 displays the schematic diagram of the experimental setup.
Figure 1: Schematic diagram of the experimental setup:1) cell body, 2) cathode, 3) outside anode, 4) inside anode, 5) jacket, 6) power supply, 7) Ammeter, 8) electrical motor,9) voltmeter,10) water bath circulator
Before starting any run, the cathode was washed with (1M) nitric acid solution in an ultrasound cleaner for removing copper deposits of the previous run then rinsed again thoroughly by double-distilled water. The galvanostatic copper deposition was conducted by using power Supplymodel TP-1305EC, 30V / 5A. Stainless steel screens having mesh numbers 30 and 60 were used. The properties of these screens are presented in Table  1 . Screen porosity (ε) was evaluated by determining the screen weight /area density and applying Eq. 1, then screen specific surface area(s) was computed based on Eq.2 [34]:
where (r) is the surface to volume ratio of the screen wire equal to (4/d), (ms /as) is the weight /area density, (ρs) is the density of stainless steel 316-AISI equal to 8.027gm/cm 3 [35] , (l) is the screen thickness equal to 2d. The woven type of the screen was identified by using Olympus BX51M with DP70 digital camera system whereas a digital caliper was used to measure wire diameter (d). 
where Ci is the initial copper concentration, Cf is the final copper concentration after an interval of time (∆t). Current efficiency (CE, %) is the ratio of the actual mass of copper ion electrodeposited on the cathode surface to the theoretical mass that could be electrodeposited according to Faraday's law, it can be determined according to the following equation [36] :
where F is the Faraday constant (96487A s mol -1 ); ∆m is the mass of copper electrodeposited at period of time ∆t (g); Mi is the molar mass of copper (63.546 g/mol), zi is the number of electrons, I is the applied current (A) and ∆t is the electrolysis time (s). The specific energy required for operating the electrochemical reactor is the major item in evaluating the cost of any electrochemical process. It is defined as the energy required for producing or treating a certain amount of the substance on a molar, mass, or volume basis. Specific energy consumption (EC, kWh kg -1 ) can be evaluated according to the following equation [36] :
where E is the voltage of cell (Volt).
Design of experiments
The relationship between a process response and its variables can be determined by applying a collection of mathematical and statistical techniques adopted by RSM [37] . In this study, the 3-level 3-factor Box-Behnken experimental design is implemented to verification and check the variables that influenced the removal of copper from simulated wastewater. Current (X1), rotation speed (X2), and initial copper ion concentration (X3) were taken as process variables, while the efficiency of copper removal was taken as a response. The scales of process variables were coded as -1 (low level), 0 (middle or central point) and 1 (high level) [38] . Table 2 illustrates the process variables with their chosen levels. Box-Behnken improves designs to get the suitable quadratic model with the required statistical properties by using only a part of the runs needed for a 3-level factorial. The number of runs (N) needed for performing of Box-Behnken design can be determined by the following equation [39] :
where k is the number of process variables and cp is the reiterated number of the central point. In this research, fifteen runs were conducted for evaluating the effects of the process variables on the copper removal efficiency. Table 3 illustrates the BBD proposed for the present research. A second order polynomial model can be adopted based on BBD were fitting the interaction terms with the experimental data can be described by the following equation [40] :
where Y represents the dependent variable (RE), i and j are the index numbers for patterns, 0 is the intercept term, 1 , 2 … are the process variables (independent variables) in coded form. is the first-order(linear) main effect, second-order main effect and is the interaction effect. Analysis of variance was performed then the regression coefficient (R 2 ) was estimated to confirm the goodness of model fit.
Results and discussion
Statistical analysis
The optimization of process variables and identification of the interaction among them were performed by conducting fifteen runs at different combinations of the process variables. Table 4 shows the values of the removal efficiency for each run. Current efficiency and specific energy consumption are also inserted in this Table. It is interesting to observe that copper removal efficiency was changed from 92.27 to 99.87%, current efficiency altered from 2.6912 to 62.625%, while the energy consumption was in the range of 3.115-137.349 Kwh/kg when adopting the experimental design. Eq.(8) shows how the removal efficiency is affected by the individual variables (linear and quadratic) or double interactions. The values of positive coefficients revealed that the removal efficiency increased with the increasing of the related factors of these coefficients within the tested range while values of negative coefficients revealed the opposite effect. As can be seen, concentration has a negative effect on the removal efficiency, while current and rotation speed were found to have a positive effect. The results showed that effects of interactions are not significant. The predicted values of the removal efficiency estimated from Eq.8 are also inserted in Table 4 . The Box-Behnken design adequacy was identified by using an analysis of variance (ANOVA). To test hypotheses on the parameters of the model, ANOVA divides the total variation in a set of data into individual parts supplemented with specific sources of variation [41] . The adequacy of the model in ANOVA analysis is recognized based on Fisher F-test and P-test. Most of the variation in the response can be illustrated by the regression equation if the value of Fisher becomes higher. P-value is used for evaluating whether F is large enough to signalize statistical significance. 95% of the variability of the model could be clarified when a P-value lower than 0.05 [42] . Table 5 illustrates ANOVA for the response surface model. In this table, degree of freedom (DF), the sum of the square (SeqSS), percentage contribution (Cr. %) for each parameter , adjusted sum of the square (Adj SS), adjusted mean of the square (Adj MS), F-value, and Pvalue were evaluated. F-value of 51.57 and P-value of 0.0001were obtained which elucidating high significance for the regression model. The multiple correlation coefficient of the model was 98.94% conforming to the regression is statistically significant and only 1.06 % of the total variations are not confirmed by the model. The adjusted multiple correlation coefficient (adj. R 2 = 97.03%) and the predicted multiple correlation coefficient (pred. R 2 = 86.99%) were compatible with this model. Results of ANOVA showed that percent of the contribution of the current is 48.07% which means that the current has the main effect on copper removal efficiency. Rotation speed and initial copper concentration have miner effects. The linear term has the main percent of contribution in the model with 93.74% followed by the interaction between the input variables with a contribution of 4.08%while the square has a small contribution (1.12%) which could be ignored. The results assure that current is the most significant factor. Figures (2-a, 2-b) show the effect of the initial copper concentration on copper removal efficiency for various values of rotation speeds (150, 300, 450, 600, and 750 rpm) at constant current (1.5 A) with mesh no. of 30. Figure 2 -a represents the response surface plot while figure2-b shows the corresponding contour plot. From the surface plot, it was observed that, at a rotation speed of 150 rpm, a decrease in removal efficiency occurs as the initial copper concentration increased. However, a slight change in the removal efficiency happened as the rotation speed approach to 750 rpm. At the concentration of 500ppm, the results show an increase in copper removal efficiency with increasing rotation speed. However, at concentration of 100ppm, a slightly change in the removal efficiency was occurred with increasing rotation speed. The corresponding contour plot confirms that a maximum value of copper removal efficiency lies in a small area in which the rotation speed ranged between 500-750rpm and copper ion concentration between 100-200ppm. The effect of the current on copper removal efficiency for different initial copper concentrations (100, 200, 300, 400, and 500 ppm) at constant rotation speed of 450 rpm with mesh no. of 30 is shown in Figures (3-a, 3-b ). The response surface plot (3-a) shows that currently has an important effect on copper removal efficiency where it increases quickly as the current raised up to 2.5 A. While removal efficiency slightly decreased with increasing concentration. The corresponding contour plot(3-b) confirms that a maximum value of copper removal efficiency lies in a small area in which the current ranged between 2-2.5 A and copper ion concentration between 100-200ppm. 
Effect of process variables on the copper removal efficiency
The optimization and confirmation test
Numerical optimization of the software is applied to get the precise point that maximized the desirability function (DF). The desired goal was chosen by adjusting the weight or importance that could change the characteristics of the aim. Five options for the aim fields for response were selected: maximum, minimum, target, within range, and none. In the present work, the aim is to get higher removal efficiency of copper so the 'maximum' field with corresponding 'weight'1.0 was chosen. 92.27% was taken as the lowest limit for the removal efficiency while 99.87% was taken as the upper limit. Under these settings and boundaries, the optimization procedure was conducted and the results are displayed in Table 6 with the desirability function of (1). Results of optimization recommended using the current of 2.5A, a rotation speed of 750 rpm, and an initial copper concentration of 205.05 to get higher removal efficiency of 100.3%. Two experiments at the optimum values of the process parameters were performed to confirm the results of optimization. 205 ppm was taken as nearly the value of the initial copper concentration resulted from optimization. The results are displayed in Table 7 . After 30 min of the electrolysis, the removal efficiency of 99.127% was achieved which is incompatible with the range of the optimum value getting from optimization analysis with desirability function of (1) ( Table 6 ). Therefore adopting Box-Behnken design combined with desirability function is successful and efficient in optimizing copper removal using a tubular packed bed of woven screens rotating electrode.Reade et al. [23] investigated the potentiostatic removal of copper from acid sulfate solutions using reticulated vitreous carbon (RVC) rotating cylinder electrode. They found that an initial copper concentration of 63.5ppm could be reduced to <0.1ppm in approximately 60 min using a 100 ppi RVC at electrode potential of −500mV vs SCE. The present work gives the same removal efficiency starting from an initial copper concentration of 205 ppm at half interval time under galvanostatic operation mode (constant current) which is an indication of the good performance of the present modified rotating cylinder electrode, moreover, the galvanostatic operation mode is the preferred mode at the industrial scale. Other previous works that used rotating packed bed cylinder electrode were operated at single-pass flow mode of operation not batch mode [13] . Table 7 shows that current efficiency was 5.2% which means that most of the current is consumed for hydrogen evolution as a side reaction. This lower current efficiency is expected since the concentration of copper very low (205 ppm) and pH of the solution is 2. Previous works stated that hydrogen ions discharge as a side reaction is strongly competitive to the electrodeposition of copper ions on the surface of cathode as the acidity of the solution is increased [43] . Of course operating at pH higher than 2 will offer superior removal of copper by electrodeposition at higher current efficiency. This can be achieved with generous caution since copper could be precipitated as hydroxide if the solution pH is greater than the value of pH for precipitation as approved by theoretical solubility of copper hydroxide diagram [44] .Therefore most of previous works operated at pH=2 [23, 13] . Although the literature reports some values of current efficiency higher than we found at galvanostatic mode of operation, the present rotating cylinder electrode used in this study has shown very satisfactory performance in removal of copper. In addition the hydrogen evolution can be utilized as a chemical source for other industrial applications when a divided cell configuration is adopted at the industrial scale, hence another benefit from the present research can be obtained.
Effect of mesh number
To investigate the effect of mesh no. on the removal efficiency, two runs were performed at the optimum conditions using two mesh no. 30 and 60. The concentration profile with time for different mesh no. is shown in Fig  4. It is clear there is an insignificant effect of two mesh numbers on the removal efficiency where the same concentration profiles were observed. This behavior is in good agreement with our previous research [22] in which cadmium removal by using a spiral-wound woven wire mesh packed bed rotating cylinder electrode was studied where cadmium removal efficiency was found to be not significantly changed with increasing of mesh number. 
Figure 4, Concentration versus time for two sizes of mesh no
Conclusions
It was established that copper removal from a simulated wastewater solution could be performed successfully in a rotating tubular packed bed of woven screens electrode as a cathode in a batch electrochemical reactor. RMS methodology is applied effectively for optimizing the process parameters and finding out the optimum levels of these parameters for copper removal which maximized the removal efficiency. Based on RSM analysis, it can be concluded that currently has the largest effect on the efficiency of electrochemical copper removal in comparison with the other parameters. The optimal values obtained from the optimization were Cu (II) initial concentration of 205 ppm, current of 2.5A, and rotation speed of 750 rpm. Under these conditions, it could be possible to reduce Cu (II) concentration from 205 ppm to less than 2 ppm (RE=99.12%) at electrolysis time of 30 min and a complete removal was obtained at 40 min. Therefore, an additional benefit of the present system was gained represented by achieving complete removal and recovery of copper.
